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Abstract

Introduction

Antarctic snow and ice contain very low concentrations of ions, < 10 µmole/I Na, Cl and SO4 but these
ions may play a significant part in determining the
physical properties of the ice and atmospheric chemistry.
At the temperatures pertaining in the Antarctic sulphuric
acid would still be liquid and information on the distribution of these ions, whether they are disseminated
through the crystals or concentrated in a liquid phase at
the triple junctions between the crystals, is essential in
order to model some of the physical properties of the
ice, including electrical conductivity, rigidity and
transparency to radar.
Samples of 125 year old ice from the Antarctic
Peninsula were planed with a sledge microtome, coated
with 23 nm of Al and maintained at -160 °Cina scanning electron microscope. X-ray emission analysis of
areas 1 µm square showed that S was concentrated at the
triple junctions. At the temperature of the ice-sheet,
-16.5 °C, the sulphuric acid would be a liquid in equilibrium with the ice at a concentration of about 2.6
mole/I but when frozen rapidly to stage temperature it
would form vitreous ice at a concentration of 2.6 mole/I
or it might be further concentrated to its eutectic of 4.9
mole/1. No Na or Cl were detected either at the triple
junctions or elsewhere in the ice crystal. An understanding of the processes involved in the distribution and
segregation of the ions, in both the atmosphere and the
ice sheet, will be necessary in order to model atmospheric and ice sheet chemistry and physics.

The Antarctic continent is the least affected by the
hand of man, but the ice still contains very small quantities of contaminants mainly of natural origin. The
major sources of contamination are oceanic spray, dust
of terrestrial, volcanic and other origins and sulphuric
and nitric acids of volcanic, oceanic and human origin.
The total concentrations of the contaminants is very low,
< 10 µmole/I Na, Cl, and SO4 , < 1.0 µmole/I NO 3 ,
measured by ion-chromatography and atomic absorption
spectrometry (Mulvaney and Peel, 1988) but their distribution is of great significance in determining the physical and chemical properties of the ice. The ions might
be incorporated within the ice crystals or they might be
concentrated in a liquid phase at the ice grain boundaries. In the latter case the mixtures could remain liquid
down to the eutectic points of -73 °C for H 2 SO4 or
-87.5 °C for HCI.
Pure water ice has a high electrical resistance but
polar ice is slightly conductive and Wolff and Paren
(1984) showed that the electrical conductivity could be
modelled if it were assumed that conduction took place
through liquid layers at the crystal boundaries. In order
to account for the observed conductivity most of the acid
would have to be concentrated at the boundaries rather
than diffused through the crystal lattice. Under pressure
the liquid would be concentrated at the triple junctions
rather than at two grain boundaries and the triple junctions would form a continuous three dimensional network throughout the ice.

Key Words:
Acid precipitation, X-ray enuss10n
analysis, snow/ice chemistry, melt water, fractionation,
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Methods
Freshly fallen snow forms a sponge of ice and air.
As it is compacted a stage is reached at which the air is
compressed to form discontinuous bubbles. Ice from an
Antarctic Peninsula ice core was sampled from 65 m
depth (just below pore close-off at this site) with an
estimated age of 125 years. The samples were prepared
for scanning electron microscopy (SEM) by planing
small pieces of ice (mounted on a 10 mm diameter SEM
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Table 1. X-ray microanalysis of Antarctic Ice and
Sulphuric Acid Standard

stub) with a sledge microtome in a cold-room at -20 °C.
The ice was cooled in liquid nitrogen before being
mounted on the Hexland cold stage of a JEOL 840A
SEM equipped with a Kevex EDS (energy dispersive
spectroscopy) analyzer.
The samples were coated with a 23 nm thick film of
aluminum and maintained at -160±4 °C. Secondary
electron images and X-ray spectra were collected using
an accelerating voltage of 15 kV and a beam current of
0.5 nA. The X-ray spectra were standardized by
counting for 250 seconds live time.
Rapidly frozen samples of dilute sulphuric acid were
found to contain inhomogeneities. Standards were therefore prepared by freezing sulphuric acid at its eutectic
concentration of 4.9 mole/I. At the temperature of the
stage the sulphuric acid in the Antarctic ice would also
be frozen either as a glass at the equilibrium concentration of2.6 mole/I or at the eutectic concentration of 4.9
mole/I. If frozen at the eutectic the ratio of S in the
unknown, to S in the standard, where S is the peak
count after subtraction of background, would be the proportion of the excited volume occupied by sulphuric acid
frozen at the eutectic. If it froze as a glass, then
multiplied by the eutectic concentration (4.9 mole/I) it
would provide the concentration of the sulphuric acid in
the glass providing the triple junction filled the excited
volume. Standards were frozen onto a copper block
cooled in liquid nitrogen to obtain a flat surface, before
coating with Al.

4.9 mole/I sulphuric acid
Al integral

S integral

55453
55668
50493
44607
50116
49128

150588
149175
145858
122015
141585
138502

50900

141287

Triple Junction
68968
72189
87231
53608

11145
11210
11668
10382

Mean

11101

Mean

70500

----------------------------As the cross-section of the triple junctions is much
smaller than the smallest area that can be analyzed by
X-ray emission it is not possible to measure the volume
of sulphur exactly but a useful estimate can be made.
Table 1 shows the net integrals of S and Al obtained
from 4.9 mole/I sulphuric acid and Sand Al integral obtained from a triple junction. The mean depth of X-ray
emission from S is about 0. 8 µm and 90 % of the emission will take place above a depth of 2 µm (Oates and
Potts, 1984). Lateral spread of electrons within the ice
will broaden the excited volume. If it is assumed that
the excited volume were 2 µm deep by 2 µm wide a S
count of 11,000 would correspond to a cylinder of 4.9
mole/I sulphuric acid with a cross-section of X µm 2
crossing the excited volume where:

Results

The Antarctic ice sections consisted of several crystals of average cross-sectional area about 1.8 mm2 (Fig.
1) containing air bubbles about 0.5 mm in diameter.
Apart from the boundaries, the surface appeared homogeneous even at a magnification of75,000, implying that
there was no substructure at the 100 nm scale. A triple-junction seen on the surface would be a linear feature extended into the bulk at some angle to the surface.
No sulphur or chlorine was detectable above the
background when X-ray spectra were taken from the
center of grains or along two grain boundaries. The
detection limit is estimated at 5 mmole/1. When areas of
1 µm x 1 µm or 2 µm x 2 µm were probed at triple
junctions, large Speaks were observed (Fig. 2) but chlorine remained below the detection limit. At two triple-junctions an area of about 11 µm x 9 µm was mapped with the detector tuned to sulphur. The results were
maps consisting mainly of uniform fields of dots, representing the white radiation background, with a greater
density of dots around the triple-junction. Because such
a diagram does not reproduce clearly, the dot density
was contoured (Fig. 3). A similar map with detector
tuned to chlorine gave a uniform background.

X/4 = (11,000 I 70,500) I (141,000 / 50,900),
hence X = 0.225 µm 2
If the triple junction were a glass at 2.6 mole/I the
cross-section would be correspondingly greater.
This is consistent with the average sulphur content
of the ice, < 10 µmole/I and the size of the ice crystals,
suggesting that much of the sulphur is concentrated at
the triple junctions.
Assuming cubic crystals with an average cross-section area of 1.8 mm2 (see above) the average length
would be 1.34 mm and the average volume 2.415 mm3
or 2.415 x 10·6 I. If the cross-sectional area of the
triple junctions is 0. 31 µm 2 and each triple junction is
1.34 mm long the volume associated with each crystal
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Fig. 1 (at left). Micrograph of specimen of Antarctic ice showing grain boundaries.
Fig. 3 (at right). Contour map of concentration of sulphur superimposed on the triple junction.
Discussion
Trlple Junction 2

2

The main sources of impurities in the ice are H2SO4
(7 .5 µmole/I), HNO 3 (0. 7 µmole/I) and sea salt
(Mulvaney and Peel, 1988). On sea-salt, with Cl/Na
ratio of 1.165, the measured Na+ (7. 9 µmole/I) accounts
for all of the ci-, 9.0 µmole/I, and suggests that there
can be virtually no additional HCl in the sample. The
proximity of the Weddell Sea (10 km) provides a source
for sea salt during the summer and for the precursors of
H 2SO4 .
The signal varied greatly between triple-junctions
(with the largest signal nearly four times greater than the
smallest). A junction running perpendicular to the surface will have a greater length within the excited volume
than one running nearly parallel to the surface. It is assumed that the triple-junctions giving the highest count
were well-targeted and were perpendicular to the surface
(Table 1). The counts are consistent with columns of
4.9 mole/I sulphuric acid of 0.225 µm 2 cross-sectional
area, or approximately 0.5 µm diameter at the triple
junctions. At the temperature of the ice sheet, the concentration would be 2.6 mole/I, the average cross-section
0.42 µm 2 and the average diameter 0.65 µm.
If HNO 3 is also present at the triple-junctions, the
eutectic H 2 SO4 concentration will be somewhat lower,
and the volume somewhat larger than this calculation
suggests.
No chlorine was detected which suggests that < 1 %
of the Cl in the sample is concentrated at triple-junctions. Sodium chloride must therefore be distributed or
localized within the grain. We cannot determine whether HNO 3 is also present at triple-:iunctions, because the
EDS detector is not sensitive to elements of low atomic
number. The localization of sulphuric acid must be due

111m x 111m

Al

Tlp1

SCI

I 111 I 1 11 I I ITl"TTTTTTTTTTTTTfTT

II

I' I I I I'

Fig. 2. X-ray spectrum from a triple junction showing
presence of sulphur but absence of chlorine.
would be:
3x0.31xI0- 12xl.34xI0- 3 m 3

= 1.25xI0-

15 m 3

or 2.5xI0- 12 I.
The average concentration of the sulphur at the
triple junctions would therefore be:
4.9xl.25xI0- 12/2.4x10 6 = 2.5 mmole/1.
There is therefore more than sufficient sulphur in
the ice to account for the sulphuric acid at the triple
junctions. Not all the sulphur will be present as acid.
The above calculation assumes a regular array of cubic
crystals with quadruple rather than triple junctions but
the accuracy of the data does not justify a much more
elaborate approach.

297

W.T.W. Potts et al.
soluble and might not be partitioned to the boundary.
For a warmer site, such as the Antarctic Peninsula,
NaCl may be present initially as a liquid, but should
freeze out in the first winter after it falls, to form small
volumes of pure NaCl at the eutectic concentration.
Since the mean ice-sheet temperature at the site is
-16.5 °C, NaCl should be partitioned subsequently to the
boundaries. The finding that NaCl has not reached the
triple junctions in 125 year old ice, shows that
equilibrium has not yet been reached.
In summary, processes in the atmosphere and ice
sheet seem wholly consistent with the partitioning of sulphuric acid to grain boundaries to form a liquid film. In
most of the Antarctic, where NaCl will be below its eutectic temperature it should not be partitioned to the
boundaries but in the Antarctic Peninsula and other more
temperate regions the situation in respect of NaCl is less
clear. Only further study of ice from various sites and
depths can show whether the above discussion has correctly identified the factors involved.

to processes in the atmosphere or in the ice sheet, and
must be related to the far lower eutectic temperature of
the sulphuric acid-water mixture than, for instance, a
NaCl-water mixture.
Atmospheric Processes

H 2 SO4 exists as an aerosol in the atmosphere
(Shaw, 1983) and, with a eutectic temperature of
-73 °C, will rarely freeze even in the Antarctic.
Aerosol can be incorporated into snow-flakes or ice
crystals either in the cloud while the snow-flake is growing, below the cloud as the snow-flake falls, or on the
ground by dry deposition. The last two processes will
leave material on the outside of the snow-flake but Shaw
(1980) has estimated that 90 % of the aerosol deposition
on the Antarctic plateau is removed in the cloud and
even on the Antarctic Peninsula, most is removed incioud, (Dick, unpublished). Although the larger crystal
components are probably removed mainly by nucleation,
Dick (unpublished) believes that marine and sulphate
aerosols are removed by the uptake of the supercooled
aerosol by ice crystals in the cloud.
Aerosol droplets can act as cloud-condensation nuclei, and liquid sulphuric acid may also be present as a
film on the outside of mineral dust particles. Because
they are not solid, H 2 SO4 droplets alone cannot act as
ice nuclei. Whether sulphuric acid is incorporated into
snow crystals as a film on a solid nucleus or added by
riming, it will remain as a liquid on the outside of the
growing crystal. If freezing is very fast, it might be
trapped in the lattice, but experiments with artificial
samples suggests that such conditions are hard to obtain.
HNO 3 is believed to be captured directly from the gas
phase. Once it has been incorporated into cloud droplets, it will behave similar to H 2 SO4 , at least down to its
eutectic temperature of -43 °C.
NaCl, on the other hand, will be solid below its eutectic temperature of -21 °C. As a result, over most of
Antarctica, NaCl crystals would act as ice nuclei. However, in the Antarctic Peninsula in summer, clouds may
be warmer than -21 °C, so some NaCl may be present
as a liquid film on the outside of crystals.

The implications for the properties of ice
Many of the physical properties of ice must be
affected by the presence of liquid (Paren and Walker,
1971) at triple junctions, and the model of Wolff and
Paren (1984) for direct current conductivity should apply. This model relies on the existence of a continuous
network of veins to provide conduction pathways. Some
veins will be cut by air bubbles in the upper parts of the
ice sheet and unless the bubbles also have a surface conducting film, they will reduce the derived conductivity
but this should become less important with depth.

Flow of ice
The presence of liquid at triple junctions may have
a significant effect on the mechanism and magnitude of
ice deformation. Previous authors (for example, Shoji
and Langway, 1984), have assumed that ice with a high
impurity content may be softer than other ice, but this
idea has not been applied specifically to acid impurities
in Antarctic ice. A re-appraisal of creep mechanisms
(Goodman et al., 1981; Lliboutry and Duval, 1985),
which takes into account the possible existence of liquid
at triple junctions, seems appropriate.

Processes in the ice sheet
Once the snow-flake has fallen, recrystallization and
grain growth may alter the distribution of impurities.
The presence of impurities in the lattice must cause
strain (Alley et al., 1986a, b), so that a lower energy
will result if the impurity accumulates at the boundary
(especially if that is liquid). Irrespective of its starting
point, a soluble impurity should eventually end up at the
grain boundary, although this thermodynamically preferred situation might take a considerable period of time.
At the temperature of most of the Antarctic ice
sheet, H 2 SO4 will be in solution, but NaCl will be in-

Other properties of polar ice
Many other physical properties may also be affected
by the presence of liquid. The processes involved in
grain growth have recently been discussed extensively
(Alley et al., 1986a, b) but their analysis did not allow
for the presence of any liquid, and may require re-appraisal. In spite of the presence of liquid, diffusion of
acid is very slow as the seasonal variations in acid concentration are well preserved. The reason for this may
be the absence of a concentration gradient to drive
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diffusion. The concentration in the veins will be determined solely by temperature (since the system must be
on the freezing line of its phase diagram), so that, in
isothermal ice, the veins will all contain the same concentration of liquid acid.
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Temperate ice
Temperate ice studies have been carried out mainly
in mid-latitudes, where anthropogenic emissions dominate the acid budget. It is well known that there is a
flush of impurities from the snow-pack in spring, and
that this causes ecological stress to fish and invertebrates. It has also been suggested (Brimblecombe et al.,
1988) that some impurities may be eluted preferentially
to others but sulphuric and nitric acid leave predominantly in the first fraction. If similar processes to those
discussed here occur at the higher temperatures over
temperate ice caps and snow fields, then the study of the
location of acids in temperate snow-packs may help in
the understanding of acid flushes.
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Editor's Note: All points raised by the reviewers of this
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